The mitogen-activated protein (MAP) cascade leading to the activation of extracellular signal-regulated kinases 1/2 (ERK1/2) is critical for regulating myeloma cell growth; however, the relationship of ERK1/2 activity with vascular endothelial growth factor (VEGF) production and the effects of its downmodulation in myeloma cells are not elucidated. We found that the treatment with MAP/ERK kinase 1 (MEK1) inhibitors PD98059 or PD184352 produced a reduction of phosphorylated ERK1/2 (p-ERK1/2) levels in myeloma cells of more than 80% and prevented the increase of p-ERK1/2 induced by interleukin-6 (IL-6). MEK1 inhibitors also induced a significant inhibition of myeloma cell proliferation and blunted the stimulatory effect induced by IL-6. A significant inhibition of basal VEGF secretion by myeloma cells as well as a suppression of the stimulatory effect of IL-6 on VEGF was observed by either PD98059 or PD184352. Moreover, we also found that the PI3K kinase inhibitors, but not p38 MAPK inhibitors, reduced VEGF secretion by myeloma cells and increase the inhibitory effect of MEK1 inhibitors. In an 'in vitro' model of angiogenesis, we found that MEK1 inhibitors impair vessel formation induced by myeloma cells and restored by VEGF treatment, suggesting that the downmodulation of ERK1/2 activity reduces myelomainduced angiogenesis by inhibiting VEGF secretion.
Introduction
The mitogen-activated protein (MAP) extracellular signal-regulated kinases 1/2 (ERK1/2) are essential intermediate in signal transduction pathways induced by many types of cell surface receptors. [1] [2] [3] [4] [5] These serine-threonine kinases (ERK1/2) are activated by a cascade of phosphorylation events downstream the Ras proto-oncogene. ERK1/2 once activated through the phosphorylation on either a tyrosine or a threonine residue (Tyr 185 and Thr 183) catalyzed by activated MAP/ERK kinases (MEK) can phosphorylate a variety of cytoplasmic and nuclear substrates that control cellular growth, differentiation and survival. [1] [2] [3] [4] [5] [6] [7] SHC-Ras-MAP kinase pathway can be constitutively activated in hematological malignancies. 1, 2, [8] [9] [10] [11] [12] This behavior has led to test MAP/ERK kinase 1 (MEK1) inhibitors as a target for molecular therapy in leukemia. 1, 2, [13] [14] [15] [16] [17] [18] Multiple myeloma (MM) is an incurable disease characterized by the accumulation of slowly growing malignant plasma cells into the bone marrow (BM). 19, 20 Myeloma cell growth and survival are mediated by cytokines present in the BM microenvironment, specifically interleukin-6 (IL-6), the major growth and survival factor for myeloma cells. The MAP cascade, leading to the activation of ERK is critical in the regulation of myeloma cell growth and it is primarily involved in the proliferative effect of IL-6 on myeloma cells as well as of other cytokines such as insulin growth factor-1 and vascular endothelial growth factor (VEGF). [21] [22] [23] [24] [25] The role of the VEGF in the pathogenesis of MM has been recently highlighted. [23] [24] [25] VEGF is produced either by myeloma cells or by the BM environment, and it is involved in the myeloma cell growth, chemotaxis as well as in MM-induced angiogenesis. [23] [24] [25] The relationship between ERK1/2 protein kinase activity and VEGF production by myeloma cells and the effects of ERK1/2 kinases downmodulation in myeloma cells have not been completely investigated. Our evidence indicates that ERK1/2 suppression inhibits myeloma cell proliferation, VEGF secretion and MM-induced angiogenesis.
Material and methods

Reagents
A 100 mM stock solution of the MEK1 inhibitors PD98059 (2 0 -amino-3 0 -methoxyflavone; Cell Signaling Technology, Beverly, MA, USA) or PD184352 (2-[chloro-4-iodo-phenylamino]-Ncyclopropylmethoxy-3,4-difluoro-benzamide) kindly provided us by Dr JS Sebolt-Leopold (Cancer Molecular Sciences, Pfizer Global Research and Development, Ann Arbor, MI, USA) was prepared in dimethyl sulfoxide (DMSO). These reagents are highly selective inhibitors of MEK1 phosphorylation and activation. [26] [27] [28] [29] [30] [31] MEK inhibitors are attractive targets for therapeutic intervention because of their unusually restricted substrate specificity.
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P38 MAPK inhibitors SB203580 and SB202190 were obtained from Sigma Aldrich (Milan, Italy) and from CalbiochemNovobiochem (San Diego, CA, USA), respectively. Wortmannin and LY294002 were purchased from Sigma Aldrich.
Cells and cell culture conditions
Human myeloma cell lines: The IL-6-dependent human myeloma cell line (HMCL) XG-6 and XG-1 were established in Dr Bataille's laboratory. U266 was obtained from the American Type Culture Collection (Rockville, MD, USA); RPMI-8226 and OPM-2 were purchased from DSM (Brunswick, Germany). For some experiments, human cell lines XG-6, RPMI-8226, U266 (10 6 /ml cells) were incubated in the presence or absence of IL-6 (20 ng/ml) in RPMI-1640 medium supplemented with 2% of heat-inactivated fetal bovine serum (FBS) (Gibco Invitrogen, SRL, Italy), penicillin (50 U/ml), streptomycin (50 mg/ml) and glutamine (2 mM) for 30 min, 2 and 24 h, respectively. HMCLs RPMI-8226, U266, XG-6 and OPM-2 or fresh purified MM cells were pretreated for 2 h with PD98059 (20-40 mM) or PD184352 (2 mM) or SB203580 (2-10 mM) or LY294002 (2 mM) or Wortmannin (10 À5 -10 À7 M or vehicle (DMSO), and then incubated in the presence or absence of IL-6 (20 ng/ml) for further 24-48 h. Moreover, HMCLs were incubated with PD98059 (40 mM) or PD184352 (2 mM) plus SB203580 (2-10 mM) or LY294002 (2 mM) or Wortmannin (10 À7 M) for 24-48 h.
Isolation of primary MM cells and BM stromal cells: BM-derived MM cells were purified from newly diagnosed MM patients by CD138 (syndecan-1) microbeads using a Miltenyi magnetic cell sorting system (Miltenyi Biotec, CA, USA). The purity of the myeloma cells was assessed by flow cytometry and morphology. Only cell populations with purity greater than 95% were tested. Primary human BM stromal cells (BMSC) were obtained by aspiration from the iliac creast and maintained in a-MEM medium with 15% FCS. A coculture system between adherent BMSC (2 Â 10 6 ) and HMCLs (10 6 ) was performed in RPMI-1640 medium at 10% FCS in the presence or absence of PD98059 (20-40 mM) or PD184352 (2 mM) for 24 h. At the end of culture period supernatants were collected and stored at À201C.
In vitro angiogenesis assay
In vitro angiogenesis was assessed as described previously 32 by Angio-kit obtained from TCS Biologicals, (Buckingham, UK) as the formation of capillary-like structures by HUVECs cocultured with matrix-producing cells that had been previously UV irradiated. Briefly, cells were stimulated with VEGF (2 ng/ml) (positive control) or suramin (20 mM) (negative control) and with conditioned medium (CM) of HMCLs U266 or RPMI-8226/D-MEM medium at 10% FBS (ratio 1:2) pretreated with or without PD98059 (40 mM) or PD184352 (2 mM) for 24 h in the presence or absence of VEGF. After 13 days, cells were fixed and stained using an anti-CD31 antibody (TCS Biologicals) according to the instructions provided. The formation of capillary network was evaluated counting the number of connections between three or more capillary-like structures per field. To quantify the formation of the capillary network, the number of connections between three or more capillary-like structures was considered. The vessel length was assessed as total vessel length per field and quantified by computerized image analysis software provide by TCS Biological (UK).
Cell lysis: The cells were lysed on ice in 50 mM Tris-HCl (pH 8), 1.5 mM MgCl 2 , 150 mM NaCl, 5 mM EDTA (pH 7.5), 5% (v/v) glycerol, 1% (v/v) Triton X-100 containing freshly added protease inhibitors (2 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mg/ ml pepstatin, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium orthovanadate, 50 mM sodium fluoride). Insoluble materials were removed by centrifugation for 10 min at 12 000 g at 41C and protein concentration was determined by Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Immunoblot: To detect expression and dual phosphorylation of ERK1 and ERK2, 75 mg of total cell lysates were electrotransferred onto PVDF filters (Millipore Intertech, Bedford, MA, USA) after SDS-PAGE. After blocking, filters were probed for 1 h at room temperature with specific antibodies diluted in TBS-T (25 mM Tris-HCl pH 8, 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat milk. After extensive washing, immunocomplexes were detected with horseradish-peroxidase-conjugated specie-specific secondary antiserum followed by enhanced chemiluminescence reaction (Amersham International Plc., Buckinghamshire, UK). After enhanced chemiluminescence, the membranes were stripped by incubation for 30 min in 25 mM glycine-HCl (pH 2) and 1% (w/v) SDS. Filters were then treated with blocking solutions and reprobed with the appropriate antibody. The intensity of the protein activation was observed by direct visualization of the pictures, and it was quantified by densitometry. For immunoblotting, the following antibodies were used: rabbit polyclonal p44/p42 ERK, rabbit polyclonal phospho-p44/42 ERK (Thr202/Tyr204) provided by Cell Signaling Technology; goat polyclonal anti-human actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); goat antirabbit IgG (H þ L)-HRP conjugated (Bio-Rad); and donkey antigoat IgG (H þ L)-HRP conjugated.
ERK immunoenzymatic assay:
To detect ERK immunoenzymatic activity, a rabbit polyclonal p44/42 MAP kinase Ab (Cell Signaling Technology) has been used to immunoprecipitate MAP kinase selectively from 250 mg of cell lysates. The immunocomplexes were bound to protein A-Agarose (Santa Cruz) at 41C overnight. The resulting immunoprecipitates were then incubated with an ELK1 fusion protein in the presence of ATP and kinase buffer to allow immunoprecipitated active MAP kinase to phosphorylate ELK1. Phosphorylation of ELK1 at Ser383 (p-ELK) was detected by Western blotting using a rabbit polyclonal phosphospecific ELK1 (Ser383) antibody. Ser 383 is a major phosphorylation site by MAP kinase and it is required for Elk1-dependent transcriptional activity. 33 To evaluate the relative levels of ELK1 phosphorylation, bands were subjected to densitometric scanning using the TINA 2 software (Raytest Isotopenmegeräte GmbH; Germany). It has been observed that ERK immunoenzymatic assay provides a very good detection and quantification of the signal. 33 The quantifications were performed by comparing the intensity of activation observed in the samples with the intensity of activation induced by a known amount of activated ERK. 33 One unit of activity is defined as the amount of MAP kinase required to catalyze the transfer of 1 pmol of phosphate to myelin basic protein (100 mM) in 1 min at 301C in MAPK buffer in a 30 ml reaction volume.
H-thymidine incorporation
HMCL proliferation was determined in 96-well microtiter plates. A total of 10 5 cells per well were incubated for 3 days and pulsed with 0.0185 MBq of 3 H-thymidine (3H-TdR) for 12 h before cell harvesting on glass fiber filter paper. Uptake of 3H-TdR was measured in a liquid scintillation counter. Each condition was performed in six replicate wells and the results were expressed as the mean counts per minute plus or minus standard error of the mean (cpm7s.e.m.).
Flow cytometry assay
To evaluate cell cycle and apoptosis, the cells, after in vitro treatment, were collected by centrifugation, washed twice in cold PBS and permeabilized in 90% ethanol and 10% PBS before DNA staining. The permeabilized cells were incubated with 50 mg/ml propidium iodide (PI), 100 U/ml RNase A (Sigma), 0.1% Nonidet P-40 and 0.1% trisodium citrate for 30 min before analysis using a Becton Dickinson FACSort analyzer. Cells with a hypodiploid DNA content (o2n, 40.2n) were counted as apoptotic. Flow cytometry was performed with a FACSCalibur apparatus (Becton Dickinson). Data were analyzed using FlowJo 3.4 software (Tree Star, San Carlos, CA, USA). The detection of Effect of ERK inhibition on myeloma-induced angiogenesis N Giuliani et al phosphatidylserine on the outer leaflet of apoptotic cells was performed using Annexin-VFITC Becton Dickinson (San Jose, CA, USA) and PI according to the manufacturer's recommendations.
ELISA assay
The amount of soluble VEGF, IL-6 and soluble IL-6 receptor (sIL-6R) in conditioned media was determined by commercially available ELISA assay kits (R&D system, Minneapolis, MN, USA). The detection limit of the kits was 30 pg/ml for VEGF, 0.70 pg/ml for IL-6 and 6.5 pg/ml for sIL-6R. The intra-and interassay CV was of 4 and 9% for VEGF, 4.5 and 5.1% for sIL-6R and 3 and 4.5% for IL-6.
Results
ERK1/2 expression and activation in myeloma cells
We first evaluated the activation and the expression of ERK-1 and ERK-2 in HMCLs. By immunoenzymatic assay, we found that the steady-state levels of phosphorylated ERK1/2 (p-ERK) were stronger in U266 than in RPMI-8226, OPM-2 and XG-6. p-ELK was 52.7-, 6.73-, 3.2-fold for U266, RPMI-8226, OPM-2 respectively, as compared to XG-6 ( Figure 1a) . The total amount of ERK1 and ERK2 proteins were comparable in U266 and XG-6, whereas in RPMI-8226 and OPM-2 the expression of ERK1 was significantly higher than ERK2 (Figure 1a ). IL-6 (20 ng/ml) stimulation significantly increased ERK1/2 activity after 30 min in RPMI-8226 and XG-6; this effect was not more evident after long time of IL-6 exposition (Figure 1b) .
MEK1 inhibition suppresses ERK1/2 activation and inhibits myeloma cell proliferation
Therefore, we tested the effect of MEK inhibitors on ERK1/2 activation in myeloma cells. The pretreatment with PD98059 (40 mM) induced a significant reduction of p-ERK1/2 levels of more than 80% at 2 and 24 h also in the presence of IL-6, either in HMCLs (as shown for RPMI-8226) or in fresh purified MM cells (Figure 2a) . Similarly, an inhibitory effect on ERK activation was observed in RPMI-8226 and fresh purified MM cells after the pretreatment with PD184352 (2 mM) (Figure 2b ).
PD98059 induced a significant inhibition of XG-6 proliferation (mean % of inhibition vs control: À3375%, Po0.01) and blunted the stimulatory effect induced by IL-6 (À40%73, Po0.01). PD184352 showed a more pronounced inhibitory effect on 3H-TdR uptake by XG-6 both in the absence of IL-6 and in the presence of IL-6 (À4976 and À7179%, respectively; Po0.001). Moreover, we found that PD98059 or PD184352 prevented cell cycle progression in XG-6, inducing a G1 phase accumulation either in the presence of IL-6 (%G1 vs control: 89 vs 54.2%) or in the absence of IL-6 (83.1 vs 61.1%).
Neither PD98059 nor PD184352 alone showed a significant proapoptotic effect in all HMCLs tested after 24-48 h (data not shown). On the other hand, PD184352 but not PD98059 significantly enhanced XG-6 apoptosis induced by IL-6 deprivation (% of apoptotic cells vs control: 19.6 vs 3.71%).
PD98059 and PD184352 inhibit VEGF secretion by myeloma cells and in coculture
Basal VEGF secretion by HMCLs (10 6 /ml) was similar in XG-6 (mean7s.d.: 14217535 pg/ml), U266 (12837195 pg/ml) and RPMI-8226 (13827569 pg/ml). As expected, IL-6 stimulation significantly increased VEGF secretion by HMCLs. A significant dose-dependent inhibition on basal VEGF secretion by RPMI-8226 was induced by PD98059 treatment (mean7s.e.m. vs control: 980716 (20 mM) and 771712 (40 mM) vs 1350718 pg/ ml, À27% (Po0.05) and À43% (Po0.01), respectively, after 24 h) (Figure 3a) . PD98059 treatment also inhibited the stimulatory effect of IL-6 on VEGF secretion by RPMI-8226 (887718 vs 1694717 pg/ml, À47%; Po0.01) (Figure 3a) . Using the MEK inhibitor PD184352, a significant reduction on VEGF secretion by RPMI-8226, U266 and XG-6 was also observed (median % of inhibition: À37%, À27% and À40%, respectively, Po0.01) (Figure 3b) . A similar inhibitory effect on VEGF secretion was observed on fresh purified MM cells by treatment with both MEK inhibitors (data not shown).
In contrast, MEK1 inhibitors had no effect on sIL-6R secretion by the HMCLs tested (RPMI-8226: mean sIL-6R levels7s.d. vs control: PD98059: 663726 vs 681728 and PD184352: Figure 1 ERK1/2 expression and activation in myeloma cells. After cell lysis, ERK activity of MM cells was assayed by immunoprecipitation with an anti-ERK antiserum in immunocomplex kinase assays with ELK1 as substrate or with dual-phosphorylation-ERK1/2-specific antisera (p-ERK1/2). ERK1/2 expression has been revealed by an anti-ERK1/2 rabbit polyclonal Ab. Anti-actin immunoblotting was performed as loading control (a). HMCLs RPMI-8226 and XG-6 were stimulated with IL-6 for the indicated times, thereafter ERK activity was assayed by immunoblotting analysis using a dual-phosphorylation-ERK1/2-specific anti-sera (p-ERK1/2). The expression of ERK1/2 was revealed using specific ERK1/2 antisera. Anti-actin immunoblotting was performed as loading control (C ¼ control) (b).
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N Giuliani et al 692749; P ¼ NS) and on the autocrine IL-6 secretion by XG-1 (data not shown). The presence of MEK1 inhibitors (PD98059 or PD184352) in the cocultures with primary BMSC and RPMI-8226 significantly reduced the upregulation of VEGF secretion observed in this system (À24 and À35%, respectively; Po0.01) (Figure 3c) .
Similarly, MEK1 inhibitors partially blunted the upregulation of IL-6 in coculture (IL-6 mean levels7s.d.: control: 3457115 pg/ml; coculture: 19647569 pg/ml; coculture plus PD184352: 12157787).
In order to evaluate whether other pathways could regulate VEGF secretion in HMCLs, the effect of both p38 MAPK inhibitors (SB203580 and SB202190) and PI3K inhibitors (Wortmannin and LY294002) was tested. We found that SB203580 at 2 and 10 mM did not significantly inhibit VEGF secretion by RPMI-8266 either after 24 h (À3 and À5% respectively; P ¼ NS) or 48 h (À7 and À10%; P ¼ NS) as compared to the effect of both MEK inhibitors (Figure 4a and b) Moreover, SB203580 in combination with MEK inhibitors did not show any effect on the VEGF inhibition induced by PD98059 and PD184352 (Figure 4) . Similar effects on VEGF secretion by HMCLs were observed using the p38 MAPK inhibitor SB202190 (data not shown).
On the other hand, we found that PI3K inhibitors LY294002 (2 mM) and Wortmannin (10 À7 M) inhibited VEGF secretion by RPMI-8226 at 24 and 48 h and enhanced the inhibitory effect shown by MEK inhibitors PD98059 and PD184352 (Figure 4a and b).
MEK1 inhibitors effect on MM-induced angiogenesis
The potential effect of MEK inhibitors on MM-induced angiogenesis was investigated in an experimental model of angiogenesis (Angio-kit) as shown for a representative experiment in Figure 5a . In this system, VEGF (2 ng/ml) stimulated vessel formation in comparison with control, whereas suramin (20 mM) inhibited tubule formation. A significant increase of vessel formation in comparison with control was observed by the CM of HMCLs U266 (tubule length: mean7s.e.: 62697647 vs 32307544, þ 94%) (Figure 5b ) and RPMI-8226 (tubule length: 45007638 vs 32307544, þ 39%) (Figure 5a and b) .
On the other hand, the CM of both U266 and RPMI-8226 pretreated with PD184352 showed a significant inhibitory effect on vessel formation (U266 þ PD184352 vs U266: tubule length: 262775 vs 62697647, Po0.001; RPMI þ PD184352 vs RPMI: tubule length: 9187447 vs 45007638, Po0.01) (Figure 5a and  b) . The inhibitory effect of MEK1 inhibitors on vessel formation induced by HMCLs was restored in the presence of VEGF (Figure 5b ). Moreover in this system, blocking anti-VEGF Ab (2 mg/ml) completely blunted the proangiogenetic effect of CM of HMCLs (data not shown). Effect of MEK1 inhibitors on ERK1/2 activation in myeloma cells. RPMI-8226 or fresh purified MM cells were either pretreated with PD98059 for 2 h, and then treated with IL-6 for 2 and 24 h (a) or with PD184352, and then treated with IL-6 for 2 h (b). Cell lysates were subjected to 12% SDS-PAGE followed by Western blotting with antiphospho-ERK1/2 or anti-ERK1/2 rabbit polyclonal antibody (C ¼ control ¼ DMSO).
Figure 3
PD98059 and PD184352 inhibition of VEGF secretion by HMCLs and by cocultures. RPMI-8226 was incubated in the presence or absence of PD98059 (20-40 mM) with or without IL-6 (20 ng/ml) for 24 h; (C ¼ control) (a). XG-6, U266 and RPMI-8226 were treated with or without PD184352 (2 mM) for 24 h (b). RPMI-8226 was incubated in a coculture system with primary BMSCs in the presence or absence of PD98059 or PD184352 for 24 h (c). After the culture period, the conditioned media were collected and VEGF levels were measured by ELISA assay. Results are expressed as mean7s.d. of six replicate experiments.
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Discussion
Our results indicate the presence of a constitutive activation of ERK1/2 in human myeloma cells and demonstrate that the downmodulation of ERK1/2 activity by MEK1 inhibitors reduces myeloma-induced angiogenesis and VEGF secretion by myeloma cells.
MM is an incurable disease characterized by the accumulation of malignant plasma cells into the BM. In the last few years, several evidences indicate that among the interactions between myeloma cells and the BM microenvironment, the angiogenetic process is critically involved in the physiopathology of MM by promoting plasma cell growth and survival. 34, 35 It has been demonstrated that MM patients with active disease have an increased BM angiogenesis, correlated with prognosis and survival, as compared to MM patients in remission or MGUS subjects. 34, 35 Angiogenesis in MM patients is mainly sustained by VEGF that is either produced by myeloma cells or upregulated in BM stromal cells by myeloma cells. 23, 24 VEGF is also able to stimulate IL-6 secretion by BM stromal cells that in turn induces VEGF production by MM cells in a paracrine manner. 23, 24, 34, 35 An autocrine loop of VEGF has also been postulated by the presence of VEGFR-1 on myeloma cells by which VEGF stimulates MM cell proliferation and migration through MEK/ERK pathways. 23 Using two different MEK1 inhibitors, we observed a significant inhibition of HMCL proliferation, more potent with PD184352, which confirms the critical role of ERK1/2 in the control of myeloma cell growth as reported previously. 19, 20 On the contrary, any effect was observed on spontaneous myeloma cell apoptosis using both MEK1 inhibitors. A clear proapoptotic effect was only observed in the IL-6-dependent HMCL XG-6 by PD184352 in the absence of IL-6.
This evidence supports the role of ERK1/2 pathways in IL-6-related survival of myeloma. In line with these observations, it has been recently demonstrated that the proliferation of IL-6-independent myeloma cells does not require the activity of ERK1/2. 36 A proapoptotic effect of PD184352 on IL-6-independent HMCLs has been recently reported only in combination with the protein kinase C and the Chk1 inhibitor UCN-01. 37 On the contrary, both MEK1 inhibitors (PD98059 and PD184352) are able to impair profoundly both cell survival and proliferation of acute myeloid leukemia cells increasing the spontaneous and drug-induced apoptosis. 14, 15 Beside the antiproliferative effect of MEK1 inhibitors on myeloma cells, we have demonstrated, for the first time, a potential antiangiogenetic effect. We showed that both PD98059 and PD184352 inhibit VEGF secretion by myeloma cells and consistently reduce the in vitro angiogenetic effect of myeloma cells. In addition, we found that MEK inhibitors are able to block the upregulation of VEGF secretion induced by IL-6 stimulation and by cell-to-cell contact with BMSC in a coculture system. An inhibitory effect on VEGF secretion by PD98059 and PD184352 has also been reported in human colon carcinoma cells. 38, 39 The more potent effect of PD184352 as compared to PD98059, on VEGF production as well as on myeloma cell proliferation, is consistent with the capacity of PD184352 to inhibit MAPK cascade at higher intensity. 15, 40 Among the family of MAP kinases, ERK1/2 seems to be primarily involved in VEGF secretion by myeloma cells because PD184352, at the concentrations used in our experiments, is only effective on ERK1/2 but not on ERK5 in contrast to PD98059, which is able to block both kinases. 31, 41, 42 ERK5 is a recently identified member of MAPK family that plays an important role in cell cycle transition. 42 Significantly, MEK5-ERK5 phosphorylation is unaffected by doses of PD184352 less than 10 mM. 41, 42 In a comparison of multiple kinase inhibitors, the MEK1 and MEK2 inhibitors appear to be the most specific kinase inhibitors tested. 31 In particular, any protein kinase was inhibited by PD98059 at a concentration of 50 mM that prevents the activation of MEK1 pathway and by PD184352 at 10 mM. 40 Significantly, in our study we utilized PD98059 at 20-40 mM and PD184352 at 2 mM to be sure that the inhibitory effect was specific for MEK1 pathway.
The inhibitory effect showed by MEK1 inhibitors suggests that MEK-ERK pathways is involved in VEGF secretion by myeloma cells. We have also investigated whether MEK1 inhibitors could affect IL-6 system that is known to regulate VEGF production by myeloma cells. 25 We found that both PD98059 and PD184352
Figure 4
Effect of p38MAPK and PI3K inhibitors on VEGF secretion by HMCLs. RPMI-8226 was pretreated for 2 h with vehicle (DMSO) or PD98059 (40 mM) or PD184352 (2 mM) or SB203580 (2-10 mM) or LY294002 (2 mM) or Wortmannin 10 À7 M or either PD98059 (40 mM) or PD184352 (2 mM) plus SB203580 (2-10 mM) or LY294002 (2 mM) or Wortmannin (10 À7 M), and then incubated for further 24 h (a) or 48 h (b). VEGF levels in conditioned media were detected by ELISA. Graphics are representative of three independent experiments.
Effect of ERK inhibition on myeloma-induced angiogenesis N Giuliani et al did not show any effect on sIL-6R secretion by HMCLs as well as the IL-6 autocrine production by XG-1. These data suggest that the inhibitory effect of PD98059 and PD184352 on VEGF secretion by myeloma cells does not involve IL-6 system. However, we found that MEK1 inhibitors blocked the IL-6 upregulation in BMSC induced by myeloma cells in coculture, thus we can suppose that this effect contributes in the inhibition of VEGF secretion by PD98059 and PD184352 observed in coculture.
Other pathways could regulate VEGF secretion by myeloma cells other than MEK-ERK pathways. p38 MAPK plays an important role in regulating myeloma cell survival; moreover, its activation is required for IL-6 expression and secretion in BMSC; 43 however, it was demonstrated that IL-6 treatment does not alter p38 MAPK in myeloma cells. 44 Our data indicate that MAPK p38 seems not to be involved in VEGF production directly by MM cells, since we found that both p38 MAPK inhibitors SB203580 and SB202190 had not effect on VEGF secretion by HMCLs and that they did not increase the inhibitory effect of MEK1 inhibitors on VEGF secretion by myeloma cells. However, it has been recently demonstrated that the specific p38 inhibitor, VX-745, blocks VEGF secretion by BMSC Figure 5 Effect of MEK1 inhibition on myeloma-induced angiogenesis. Endothelial-like cells were stimulated with CM (1:2) of HMCLs pretreated with or without PD184352 in the presence or absence of VEGF. At day 13, cells were fixed and stained using an anti-CD31 antibody. To measure the formation of the capillary network, the number of connections between three or more capillary-like structures was counted and quantified. Effect of ERK inhibition on myeloma-induced angiogenesis N Giuliani et al obtained from MM patients, 43 suggesting a potential role of this inhibitor as an antiangiogenetic agent in MM patients.
On the other hand, we found that the PI3K kinase-specific inhibitor Wortmannin and the LY294002 also inhibited VEGF secretion by HMCL and increased the inhibitory effect in combination with MEK1 inhibitors. These results suggest the existence of an interaction between PI3K-Akt and MAPK in myeloma cells. In fact, interactions between the PI3K-Akt and MAPK signaling pathway that can result in the transformation of hematopoietic cells have been described recently. [45] [46] [47] The potential effect of MEK1 inhibitors on MM-induced angiogenesis has also been tested in vitro with an experimental model by which we have recently shown that HMCLs are able to stimulate vessel formation. 32 In this system, the conditioned media of HMCLs pretreated with MEK1 inhibitors fail to induce vessel formation, and consistently with their capacity to block VEGF secretion by myeloma cells, we found that VEGF was able to prevent the antiangiogenetic effect of MEK inhibitors.
In conclusion, our results provide a framework for a potential future clinical evaluation of MEK1 inhibitors as antitumor agents in MM patients on the basis of their capacity to inhibit myeloma cell growth and angiogenesis at least in part through the inhibition of VEGF secretion.
